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The authors studied the photoelectrochemical properties dependent on carrier concentration of
n-type GaN. The photocurrent at zero bias became the maximum value at the carrier concentration
of 1.71017 cm−3. Using the sample optimized carrier concentration, the authors achieved H2 gas
generation at a Pt counterelectrode without extra bias for the first time. The authors also discussed
the mechanism of the dependence of photocurrent on the carrier concentration of GaN. © 2007
American Institute of Physics. DOI: 10.1063/1.2432116
I. INTRODUCTION
Direct photoelectrolysis by solar power is a promising
method to produce H2 gas from water.
1 When one splits wa-
ter in a photoelectrochemical cell using semiconductor, the
band-edge energy positions of semiconductor are very im-
portant. Those of many III–V and II–VI semiconductors are
suitable for photoelectrolysis,2 however, the semiconductors
are oxidized and corroded easily. The band-edge energy po-
sitions of GaN have been shown to be enough to split
water.3–6 GaN shows considerable resistance to corrode in
many aqueous solutions in the dark. Thus, the photoelectro-
chemical properties, especially the water splitting, of nitride
semiconductors have been investigated. We also reported H2
gas generation at a counterelectrode by H+-ion reduction us-
ing a GaN or InGaN photoelectrode with small amount of
bias.5,7 On the other hand, the oxidation at the n-type GaN
surface by photoelectrolysis as pointed out to be simulta-
neous oxygen generation and GaN photocorrosion.5 This
GaN corrosion was reported to suppress in the presence of
Cl− ions because Cl−-ion oxidation was easy to occur.8
Photoelectrochemical properties of GaN were not well
investigated besides the photocorrosion problem. Especially,
the effects of the electrical properties of GaN were not re-
ported. Furthermore, H2 gas generation at a counterelectrode
using a n-type GaN photoelectrode with zero bias was not
observed because of the small photocurrent.
In this paper, we report the photoelectrochemical prop-
erties dependent on the carrier concentration of n-type GaN
and propose a simple model to explain this dependence. H2
gas generation at zero bias using the GaN optimized carrier
concentration is also reported.
II. EXPERIMENT
Working electrodes were Si-doped n-type GaN layers on
0001 sapphire substrates with low-temperature GaN buffer
layers grown by atmospheric-pressure metal organic vapor-
phase epitaxy MOVPE. The growth temperature of the
n-type GaN was 1025 °C. GaN layer thicknesses and carrier
concentrations at room temperature were in ranges of
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2.8–6.2 m and n=21016–31018 cm−3, respectively.
The thickness was measured by using secondary electron mi-
croscope. The electrical properties were determined by using
Hall measurements the van der Pauw method. The crystal
quality was evaluated by full width at half maximum
FWHM of x-ray rocking curve  scan for 0002 reflec-
tion of GaN layer.
Ti10 nm /Au50 nm depositions were made on the pe-
riphery of the samples and alloyed in order to make Ohmic
contacts. The contact area with an electrolyte was 10 mm in
diameter and was photoilluminated using 150 W Xe lamp. A
reference electrode was Ag/AgCl/NaCl sodium-chloride-
saturated silver-chloride electrode SSSE. Its electrode po-
tential is EAgCl/Ag= +0.212 V versus normal hydrogen
electrode. The reference electrode was not used at static pho-
tocurrent density measurements and the experiment for H2
gas generation. A counter electrode was made of Pt. The
electrolyte was selected to be 1.0 mol/ l HCl pH=0.2 in
order to minimize the effect of photoanodic dissolution.8,9 A
potentiostat Solartron SI-1280B and a gas chromatograph
Shimadzu GC-9A were used to evaluate the electrochemi-
cal properties and gas composition, respectively.
III. RESULTS AND DISCUSSION
A. Flatband potentials of n-type GaN
Carrier concentration and mobility, measured by the van
der Pauw method of the n-type GaN, used for photoelectro-
chemical evaluation are shown in Fig. 1. Since n-type GaN
was used, the measured carriers in Fig. 1 were electrons.
FWHM’s of x-ray rocking curve for 0002 reflection from
these samples were almost the same, and were in the range
between 200 and 300 arc sec. From the relationship between
carrier concentration and mobility and from the FWHM’s of
x-ray rocking curve, the crystallinity of n-type GaN used
here was fairly good and almost identical.
Flatband potentials obtained from the Mott-Schottly plot
are shown in Fig. 2. The capacitance for the plot was calcu-
lated from impedance fitting using an equivalent circuit.5 The
frequency range for the impedance measurement for each
applied potential was from 50 to 20 000 Hz. The equivalent
circuit for impedance fitting is also shown in the inset of Fig.
2. Rs in the equivalent circuit denotes a series resistor of an
electrolyte and a semiconductor. Csc is the capacitance for a
semiconductor/electrolyte interface. The others indicate the
Faraday impedance for a semiconductor/electrolyte interface.
That is, the symbol Ra denotes the resistor in the space
charge region, Cad is the capacitor caused by the intermediate
states like recombination center near the semiconductor/
electrolyte interface, and Rb is the resistor at the region with
the intermediate states. We neglected the slow diffusion com-
ponent 1 Hz or the Warburg impedance because the mea-
sured frequency was relatively of higher range.10 Since Csc
was the space charge capacitance for a semiconductor/
electrolyte circuit, this Csc was used for the C of the Mott-
Schottky plot. Flatband potentials of the samples exhibited
almost the same value around −0.7 V vs SSSE. This indi-
cates that the flatband potential of n-type GaN is independent
of carrier concentration. The same relationship observed
other semiconductors, explained as the pinning of flatband
potential.1
B. Current density versus bias characteristics
The relationships between the static photocurrent density
and bias are shown in Fig. 3. We applied static bias VCE to
the n-type GaN working photoelectrodes versus the Pt coun-
terelectrode. The current density was defined as current di-
vided by the aqueous contact area of the n-type GaN work-
ing electrode. We also defined the start point of VCE as onset
voltage, where current density increased abruptly. The onset
voltages were almost the same values VCE=−0.2 V. The
current densities were saturated at around VCE= +1.0 V for
all samples. To find the optimized carrier concentration for
the photocurrent at zero bias, we plotted the photocurrent
FIG. 1. Room-temperature electrical properties of n-type GaN layers used
for photoelectrochemical evaluations. The Hall mobility and carrier concen-
tration were measured by the van der Pauw method.
FIG. 2. Flatband potentials of n-type GaN layers with various carrier con-
centrations. The electrolyte was 1.0 mol/ l HCl. The potentials were ob-
tained by the Mott-Schottky plot. The frequency range for the Mott-
Schottky plot was from 50 to 20 000 Hz in order to eliminate the effect of
slow carrier transfer process. The amplitude was 20 mV. The reference elec-
trode was Ag/AgCl/NaCl. The equivalent circuit for impedance analysis is
also indicated. The capacitance used for flatband calculation was Csc in the
equivalent circuit.
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densities at zero bias versus carrier concentration as shown
as closed circles in Fig. 4. It was found clearly that the pho-
tocurrent density became the maximum value at the carrier
concentration of around 1.71017 cm−3.
We checked several times the relationships where the
samples obtained are not only from different series of
MOVPE growth but also from different kinds of electrode
deposition, which are also shown as open circles in Fig. 4.
The FWHM’s of x-ray rocking curve of 0002 for the repeat
samples were less than 450 arc sec. As far as the relation-
ships between carrier concentration and mobility and the
FWHM range of x-ray rocking curve of 0002 reflection are
satisfied as discussed in Sec. III A, similar photocurrent de-
pendent on carrier concentration was observed in our experi-
mental setup.
The photocurrents in the saturated plateau at high anodic
bias region had relatively large discrepancies as shown in
Fig. 3. The reason is discussed at the end of Sec. III D. The
origin of the current before the onset voltage was probably
some reactions with easy-oxidized ingredients in the electro-
lyte.
C. Charge transfer process at the semiconductor/
electrolyte interface
Understanding the response of semiconductor/electrolyte
interface by illumination is very important to explain the
photocurrent dependent on carrier concentration of semicon-
ductor. Electrolyte behaves like metal conductor if it has a lot
of ions. In this case, the model for the interface between
semiconductor and transparent metal proposed by Gartner is
presumably valid for that between semiconductor and elec-
trolyte in general.11 However, the Gartner model requires
three hypotheses when we assume a n-type semiconductor.
1 The electron flow between semiconductor and electro-
lyte does not occur, because the band bending of space
charge region is sufficiently large.
2 The recombination rate in the semiconductor space
charge region is zero, because the drift speed of carriers
in the space charge region is fast.
3 The hole concentration at the edge of space charge re-
gion is zero.
Precise model under quasiequilibrium condition including
electron transfer and recombination was proposed by
Reichman.12 Thus, we used the Reichman model in order to
explain the relationship between the photocurrent density at
zero bias and the carrier concentration of n-type GaN.
In the Reichman model, the current density J across a
semiconductor/electrolyte interface is described as
Jn = − In
0ns − ns0
ns0
 = − In0 nsns0 − 1 , 1
Jp = Ip
0 ps − ps0
ps0
 = Ip0 psps0 − 1 , 2
J = Jn + Jp, 3
where Jx is the electron/hole current density, Ix0 is the
electron/hole exchange current parameter, xs is the
electron/hole interface concentration, and xs0 is the
electron/hole equilibrium interface concentration here,
x=nelectron / phole.
The semiconductor in the model can be divided into two
regions, that is, one is a space charge region where the con-
duction and valence bands are bending near the
semiconductor/electrolyte interface, and the other is a neutral
region which is deeper than the space charge region and no
electric field exist. The diffusion equation for minority car-







+ I0 exp− x = 0, 4
where D is the diffusion coefficient, p is the hole concentra-
tion, p0 is the equilibrium hole concentration,  is the life-
time of the minority carrier, I0 is the monochromatic phonon
FIG. 3. Relationships between static photocurrent density and applied bias
to n-type GaN working electrode vs Pt counterelectrode VCE. The electro-
lyte was 1.0 mol/ l HCl.
FIG. 4. The dependence of the photocurrent density on the carrier concen-
tration at VCE=0.0 V. Closed circles show the data taken from the samples
shown in Fig. 3. Open circles are the reference data taken from the different
condition of growth and electrode deposition to check the carrier concentra-
tion dependence repeatability. The electrolyte was 1.0 mol/ l HCl. The solid
line is a guide to the eye.
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flux incident on the semiconductor, and  is the absorption
coefficient. The hole current density at the edge of space
charge region Jw is obtained by using the solution of Eq. 4
with the boundary condition of p= p0 at x= and p= pw at
x=W W is the edge of the space charge region.,





where q is the elementary charge and L is the hole diffusion






L = D0.5, 8
W = 20r
eND
V − Vfb1/2, 9
where ni is the intrinsic carrier density, N is the carrier con-
centration n type, V is the voltage applied to the semicon-
ductor, Vfb is the flatband potential, ND is the donor concen-
tration, r is a dielectric constant, and 0 is the perimittivity
of vacuum.
On the other hand, the current density in the space
charge region generated by photon absorption JSCR
G is
JSCR
G = qI01 − exp− W . 10
The hole current density transferred across the
semiconductor/electrolyte interface without recombination in
the space charge region is given by the summation of Eqs.
5 and 10,
Jp = Jw + JSCR
G , 11
Jp = − J0 pwp0 − 1 + qI01 + L 1 + L − exp− W . 12
Since the Gartner model regards pw=0, the hole current den-
sity of the Gartner model Jg is obtained from Eq. 11,
Jg = J0 +
qI0
1 + L
1 + L − exp− W . 13
The Reichman model assumes quasiequilibrium condi-
tions of electron and hole concentrations in the space charge
region,
ns = nw	1 exp− qV − VfbkT  , 14
ps = pw	2 expqV − VfbkT  , 15
where nw is the electron concentration at the edge of the
space charge region, k is the Boltzmann constant, T is the
absolute temperature, and 	1 and 	2 are constants. When one
considers equilibrium condition of V=0, nw=n0, ns=ns0, pw
= p0, and ps= ps0 are satisfied. Thus, n0 and p0 under equilib-
rium condition are calculated by using Eqs. 14 and 15
Inserting Eq. 15 with its equilibrium condition into Eq.
2, pw / p0 is obtained without 	2. One obtains Jp using Eq.
13 into Eq. 12 with this pw / p0,
Jp =




For majority carrier in n-type semiconductor, nw	n0 is
achieved because the carrier generated by photon absorption
is much smaller than free carrier. Thus, one obtains Jn by
inserting nw /n0, obtained from the equilibrium condition of
Eq. 14, into Eq. 1,




 − 1 . 17
The total current density transferred across the
semiconductor/electrolyte interface without carrier recombi-
nation in the space charge region is obtained from Eq. 3
using Eqs. 16 and 17.
The effect of recombination in the space charge region is
described using the model of Sah et al.12,13 The recombina-
tion current density in the space charge region is
JSCR








The hole current density transferred across the
semiconductor/electrolyte interface with recombination in
the space charge region is instead of the case without recom-
bination Eq. 11,
Jp = Jw + JSCR
G − JSCR
R . 20
Inserting Eqs. 5, 10, 13, and 18 into Eq. 20, Jp is
given by
Jp = − J0
pw
p0
+ Jg − K psps0
0.5
. 21
Using Eqs. 2 and 15 and its equilibrium condition, ps / ps0
in Eq. 21 is solved.
The hole current density transferred across the
semiconductor/electrolyte interface with recombination in
the space charge region is inserting the ps / ps0 into Eq. 2
instead of the case without recombination in Eq. 16,
Jp = Ip
0
− K + K2 + 4AB0.5
2A
2 − 1 , 22
with the additional abbreviations,
A = Ip
0 + J0 exp− qVkT  , 23
B = Ip
0 + Jg. 24
The total current density transferred across the
semiconductor/electrolyte interface with carrier recombina-
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tion in the space charge region is obtained from Eq. 3 using
Eqs. 17 and 22.
D. Photocurrent density dependent on carrier
concentration





where n is the hole carrier mobility in n-type semicon-
ductor. The dependence of the hole majority carrier mobil-
ity on carrier concentration, determined for p-type GaN, was
used for n.14 The minority carrier diffusion coefficient D
was calculated using Eqs. 8 and 25. The lifetime of the





where B is the radiative constant as 1.1108 cm3/s.15 The
absorption coefficient  was reported around 1.0
105 cm−1 just over the band-gap energy, and getting higher
with increasing photon energy.15 Therefore, we used =3.0
105 cm−1 because continuous Xe lamp was illuminated to
the sample for our experiments. The hole and electron ex-
change parameters of GaN were difficult to find for the cal-
culations. Thus, we used the values which Reichman pro-
posed, that is, Ip
0 =1.010−5 mA/cm2 and In
0=1.0
10−5 mA/cm2.12 The incident photon flux I0 was selected
as 8.131018 photons/cm3, where the maximum photocur-
rent was 1.3 mA/cm2.
The results of calculated total photocurrent density at
zero bias with and without recombination in the space charge
region are shown in Fig. 5. The photocurrent density without
recombination was calculated using Eqs. 3, 16, and 17.
The photocurrent density with recombination was calculated
using Eqs. 3, 17, and 22. Both calculated lines are mo-
notonously decreasing with increasing carrier concentration.
The calculated current density line without recombination
has large discrepancy with the experimental results. On the
other hand, the calculated current density line with recombi-
nation shows agreement with the experimental values of
photocurrent density at the higher carrier concentrations, but
does not fit in the lower carrier concentration region. These
results show that the recombination in space charge region
plays an important role for the determination of photocurrent
density in the higher carrier concentration region.
It is clear that we need to consider some effect to de-
crease the photocurrent in the lower carrier concentration
region. The photoelectromotive force is mainly defined by
the band bending of semiconductor in space charge region
and the light intensity at zero bias. Thus, the current of the
circuit was probably estimated using the total resistance of
the whole electrochemical system. The distance of the cur-
rent path from the photoilluminated area of GaN to the metal
contact on the surface was several millimeters for our experi-
ments. The thickness of the current path was a few microme-
ters because we used insulating sapphire as a substrate. Thus,
the resistance of the thin current path would be very high,
especially in the case of the lower carrier concentrations. To
confirm the effect of resistance, we evaluated the resistance
calculated from the impedance measurements under illumi-
nation. The equivalent circuit for the system used the resis-
tance calculation as shown in Fig. 6a. The resistances Rs,
Ra, and Rb and the ratio of Rs / Rs+Ra+Rb versus carrier
concentration are shown in Fig. 6b. The photocurrents were
FIG. 5. Relationships between calculated photocurrent densities and carrier
concentration of the n-type GaN photoelectrodes. The experimental data of
the photocurrent densities are also plotted as closed circle. The broken line
shows the calculated photocurrent from the Reichman model with and with-
out recombination in the space charge region. The solid line shows the
calculated photocurrent which takes into account of the system resistances
and the recombination. FIG. 6. a The current circuit model for the photoelectrochemical system.
b The dependence of the series and parallel resistances on carrier concen-
tration of the n-type GaN photoelectrode/electrolyte system obtained from
the impedance measurements under illumination. The frequency range for
the electric circuit evaluation was from 100 to 20 000 Hz, and the amplitude
was 20 mV. The applied voltage was −0.2 V vs Ag/AgCl/NaCl. The ratio
of series resistance and the total resistance of the system as a function of
carrier concentration is also plotted.
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measured at VCE=0.0 V. Thus, the resistance was measured
at the bias of −0.2 V SSSE, because the points of the strong
increase in the photocurrent measured were −0.4 V vs SSSE,
where the points were VCE=−0.2 V. The series resistance Rs
decreased with increasing carrier concentration. It should be
pointed out that the sum of Ra and Rb increased with increas-
ing carrier concentration.
The bias of the space charge region Vint is calculated
considering the voltage drop at the external resistance Rs,
Vint = Vfb + V − Vfb1 − RsRs + Ra + Rc , 27
where V is the external applied bias. The photocurrent den-
sity at zero bias with recombination in the space charge re-
gion Eqs. 3, 17, and 22 and using Vint of Eq. 27
instead of applied bias V here, V=0.0 V is also shown in
Fig. 5. Vfb=−0.7 V was used for the calculation. The shape
of the calculated current density line is similar to that of the
photocurrent densities from the experiments. Thus, we con-
cluded that the photocurrent efficiency was explained by the
Reichman model with the recombination in space charge re-
gion and by the resistance of the photoelectrochemical sys-
tem. The shapes of the measured and the estimated photocur-
rent densities have still some difference. This difference
would be originated from the decrease of absorption coeffi-
cient  with conductivity in the lower carrier concentration
region, the shorter minority carrier diffusion length L with
increasing carrier concentration, the carrier recombination
model, and the mixing effect of the materials in the electro-
lyte.
This model roughly explains the reason why the satu-
rated photocurrent region at high anodic bias had relatively
large discrepancies. Under high anodic bias, the carriers are
accelerated by the electric field generated by the bias. There-
fore, the depths of light absorption and space charge region
are not much influenced to carrier transfer, and only fast
carrier recombination is probably dominant for carrier loss.
In Fig. 3, relatively low carrier concentration samples show
the lower photocurrent densities under high anodic bias con-
dition except for the sample with the carrier concentration of
2.11016 cm−3. This probably indicates that the resistivity
of the whole system influences the carrier loss under high
anodic bias condition. For the case of the carrier concentra-
tion of 2.11016 cm−3, carrier recombination via doping im-
purities would also affect the carrier loss because the sample
is an undoped one. Further investigations are required to
know the detail of the discrepancies of the saturated photo-
current.
E. H2 generation at zero bias
The photocurrent density at the zero bias became the
maximum value at the carrier concentration of 1.7
1017 cm−3, as shown in Fig. 4. Thus, we studied the gas
generation using n-type GaN with the carrier concentration
of 1.71017 cm−3 by photoelectrolysis without bias, that is,
VCE=0.0 V. A bias was required to generate H2 gas from a
counterelectrode for GaN with a carrier concentration of
1.81018 cm−3 as we reported.9 Since the H2 gas generation
is from a counterelectrode, the gas observation depends on
the photocurrent. We need a photocurrent at least approxi-
mately 0.4 mA to observe H2 gas generation clearly by eyes
at the beginning in our experience. This dependence is not
clearly explained until now, but some residuals in solution
would cause to prevent clear H2 generation. Thus, H2 gen-
eration were observed if we would wait long time at the case
of the carrier concentration of 1.81018 cm−3. The photo-
current density at zero bias for the previous case was around
0.4 mA/cm2, and was 2/3 of the optimized case. The illu-
minated area of our experimental setup was 0.785 cm2, thus,
the previous photocurrent was 0.31 mA. This is probably
why we have not observed H2 gas generation for GaN with a
carrier concentration of 1.81018 cm−3 under zero bias con-
dition at the beginning. Since the photocurrent of carrier con-
centration optimized was 0.47 mA at zero bias, we expected
to observe H2 gas generation from a counterelectrode clearly
from the beginning.
The time dependences of the gas generation from the Pt
counterelectrode and of the current density are shown in Fig.
7. As can be seen, we have achieved gas generation at zero
bias. The composition of the gas generated at the Pt counter-
electrode in 1.0 mol/ l HCl after 300 min was 80% H2, 19%
N2, and 1% O2. The existence of hydrogen indicates that the
reduction of water occurs at the counterelectrode. The
amount of the gas generation was, however, approximately
1/3 compared to that of the bias applied VCE=1.0 V.
9 The
amount was also smaller than the expected H2 gas generation
calculated from the current, which is also plotted in the
graph. The discrepancy between the calculated and experi-
mental H2 gas generation is relatively large, probably be-
cause of the dissolution of H2 gas into electrolyte and occur-
rence of some other reduction.
Etching of the n-type GaN working electrode after
300 min illumination was almost zero within the weight
measurement error less than 0.2 m in thickness. This
means that the reaction at the surface of the n-type GaN
working electrode was not GaN decomposition but Cl− oxi-
dation as expected.8 The surfaces after photoelectrochemical
FIG. 7. Time dependences of gas volume generated at Pt counterelectrode
and photocurrent density. The n-type GaN working photoelectrode was un-
der illumination and in aqueous 1.0 mol/ l HCl. The bias between the illu-
minated GaN working electrode and the Pt counterelectrode was not applied
VCE=0.0 V. The H2 gas volume calculated from photocurrent is also plot-
ted as broken line.
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reaction in HCl were, however, changes to rough by ob-
served scanning electron microscope. In addition, the oxygen
concentration at the GaN surface after the reaction was in-
creased compared with as-grown GaN surface even in HCl
solution by using energy-dispersive x-ray spectroscopy. This
surface oxide would prevent the current flow, and cause the
decrease of the photocurrent in time.
We calculated the conversion efficiency from light to






where eff% is the energy conversion efficiency, Erev
0 V is
the voltage for the electrode voltage difference from the hy-
drogen generation and oxidation, VCE V is the applied volt-
age between a photoworking electrode and a counterelec-
trode, jp mA/cm2 is the photocurrent density, and
P0 W/cm2 is the power density of light.
16 When we used
Erev
0 =1.40 V for Cl− reduction instead of water splitting be-
cause of the HCl electrolyte, jp=0.48 mA/cm
2 at 1 min after
the illumination and P0=110 mW/cm
2, the eff was obtained
to be 0.61%. This is the first time to succeed to achieve H2
gas generation without bias VCE=0.0 V using n-type GaN
in 1.0 mol/ l HCl solution.
IV. CONCLUSION
The dependence of photoelectrochemical properties on
carrier concentration of n-type GaN in 1.0 mol/ l HCl pH
=0.2 was investigated. The flatband potential was not
changed in carrier concentration. The shapes of static current
density versus bias curves were also similar to each other,
however, the photocurrent density at zero bias VCE=0.0 V
depended on the carrier concentration. The sample with the
carrier concentration of 1.71017 cm−3 revealed the maxi-
mum photocurrent without bias. The photocurrent dependent
on the carrier concentration was explained by the charge
transfer model at semiconductor/electrolyte interface with
the recombination in space charge region and the resistance
of the photoelectrochemical system. H2 gas generation at a Pt
counterelectrode without bias was observed at the carrier
concentration having the maximum photocurrent.
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